In the intracellular death program, heteroand homodimerization of different anti-and pro-apoptotic Bcl-2-related proteins are critical in the determination of cell fate. From a rat ovarian fusion cDNA library, we isolated a new pro-apoptotic Bcl-2 gene, Bcl-2-related ovarian killer (Bok). Bok had conserved Bcl-2 homology (BH) domains 1, 2, and 3 and a C-terminal transmembrane region present in other Bcl-2 proteins, but lacked the BH4 domain found only in anti-apoptotic Bcl-2 proteins. In the yeast two-hybrid system, Bok interacted strongly with some (Mcl-1, BHRF1, and Bf l-1) but not other (Bcl-2, Bcl-xL, and Bcl-w) anti-apoptotic members. This finding is in direct contrast to the ability of other pro-apoptotic members (Bax, Bak, and Bik) to interact with all of the anti-apoptotic proteins. In addition, negligible interaction was found between Bok and different pro-apoptotic members. In mammalian cells, overexpression of Bok induced apoptosis that was blocked by the baculoviralderived cysteine protease inhibitor P35. Cell killing induced by Bok was also suppressed following coexpression with Mcl-1 and BHRF1 but not with Bcl-2, further indicating that Bok heterodimerized only with selective anti-apoptotic Bcl-2 proteins. Northern blot analysis indicated that Bok was highly expressed in the ovary, testis and uterus. In situ hybridization analysis localized Bok mRNA in granulosa cells, the cell type that underwent apoptosis during follicle atresia. Identification of Bok as a new pro-apoptotic Bcl-2 protein with restricted tissue distribution and heterodimerization properties could facilitate elucidation of apoptosis mechanisms in reproductive tissues undergoing hormone-regulated cyclic cell turnover.
Apoptosis or programmed cell death is important during embryonic development, metamorphosis, tissue renewal, hormone-induced tissue atrophy, and many pathological conditions. In multicellular organisms, apoptosis ensures the elimination of superfluous cells including those that are generated in excess, have already completed their specific functions or are harmful to the whole organism. In reproductive tissues that are characterized by cyclic functional changes, massive cell death occurs under the control of hormonal signals. A growing body of evidence suggests that the intracellular ''death program'' activated during apoptosis is similar in different cell types and conserved during evolution (1, 2) .
Apoptosis involves two essential steps. The Bcl-2 family of proteins that consists of different anti-and pro-apoptotic members is important in the ''decision'' step of apoptosis (3) . In contrast, the ''execution'' phase of apoptosis is mediated by the activation of caspases, cysteine proteases homologous to the Caernorhabditis elegans protease ced-3, that induce cell death via the proteolytic cleavage of substrates vital for cellular homeostasis (4, 5) . Bcl-2-related proteins act upstream from caspases in the cell death pathway (6) . Recent studies demonstrated that another C. elegans gene, ced-4, or its mammalian homolog Apaf-1 can bridge between Bcl-2͞ced-9 family members and caspases (7, 8) .
The protooncogene Bcl-2 was isolated at the breakpoint of the t (14, 18) chromosomal translocation associated with follicular B-cell lymphoma (9) . Overexpression of Bcl-2 suppresses apoptosis induced by a variety of agents both in vitro and in vivo (10) . Subsequent studies identified a family of Bcl-2-related proteins possessing several conserved Bcl-2 homology (BH) domains important for homo-or heterodimerization between family members (11) (12) (13) . In addition, a C-terminal membrane anchoring region is also conserved in most members. Based on their differential roles in regulating apoptosis, the Bcl-2-related proteins can be separated into anti-apoptotic (Bcl-2, Bcl-xL, Mcl-1, Bcl-w, and Bfl-1͞A1) and pro-apoptotic members (Bax, BAD, Bak, Bik, Hrk, and BID). Through heterodimerization, the balance between pro-and anti-apoptotic Bcl-2 proteins presumably determines the cell fate (3, 13) . It has also been found that the anti-apoptotic effect of Bcl-2 is not universal because Bcl-2 overexpression is not effective in blocking Fas-mediated apoptosis and the apoptosis of autoreactive thymocytes during negative selection (13, 14) . Recent identification of multiple Bcl-2-related proteins suggests that selective Bcl-2 members may act in a tissueand dimerization-specific manner.
Less than 1% of ovarian follicles endowed during early life can ovulate, whereas the remaining 99% undergo apoptosis (15) . To elucidate the apoptotic mechanism during ovarian follicle demise, we examined the expression pattern of different anti-apoptotic Bcl-2 members in the ovary and found Mcl-1 to be highly expressed. Using Mcl-1 as bait to screen an ovarian fusion cDNA library in the yeast two-hybrid system, we isolated Bcl-2-related ovarian killer (Bok), a new Bcl-2 family member containing conserved BH1, -2, and -3 domains and a C-terminal transmembrane region. Overexpression of Bok induced apoptosis in mammalian cells that could be blocked by some, but not other, anti-apoptotic Bcl-2 members. Furthermore, Northern blot analysis showed that the Bok transcript is expressed mainly in the reproductive tissues including the ovary, testis, and uterus. million transformants from a GAL4-activation domain (AD)-tagged ovarian fusion cDNA library. The ovarian cDNAs were prepared from 27-day-old Sprague-Dawley rats primed for 36 h with 10 units equine gonadotropin. Yeast cells were first transformed with pGBT9-Mcl-1 and colonies selected in plates deficient for tryptophan. In the second step, cells were transformed with cDNAs from the ovarian library before selection of clones in plates lacking tryptophan, leucine, and histidine. Positive transformants were further selected for growth in media containing 5 mM 3-aminotriazole. Individual AD-fusion cDNAs were retrieved following transformation of Escherichia coli cells.
A total of 40 potential Mcl-1-interacting clones was rescreened against the empty vector or vectors encoding different Bcl-2 proteins to eliminate false positives. Three clones of Bok cDNAs were isolated based on their ability to interact with Mcl-1 in an HF7c yeast reporter strain (16) . DNA sequence analysis and comparison with known genes using the BLASTX algorithm (17) revealed that the positive clones encode a polypeptide sharing high homology with Bcl-2 proteins. Further analysis of expressed sequence tags in the GenBank revealed that expressed sequence tag accession number AA103989 has Ͼ98% identity with the 5Јsequence of cloned cDNA and contains extra 5Јsequence of the murine Bok homolog. Full-length ORF and 5Јuntranslated sequence of rat Bok were obtained by PCR using the GAL4-ADtagged ovarian Matchmaker cDNA library (CLONTECH) as the template and an upstream primer based on murine expressed sequence tags. Complementary DNA fragments with an identical ORF were also obtained in separate PCR using a rat brain cDNA library (Stratagene) as the template. Interactions between Bok and different Bcl-2 members were assessed in the yeast twohybrid system using pGBT9 GAL4-binding domain and pGADGH GAL4-AD vectors (18) . Specific binding of different protein pairs was evaluated based on the activation of GAL1-HIS3 and GAL4-lacZ reporter genes.
Cell Culture and Transfection with Plasmids. For the expression of Bcl-2 proteins in eukaryotic cells, PCR-generated ORF of different cDNAs were subcloned into the pcDNA3 vector (Invitrogen). Following transfection of cDNAs, cell death was monitored (19) . Chinese hamster ovary (CHO) cells (2 ϫ 10 5 per well) were cultured in DMEM͞F12 supplemented with 10% fetal bovine serum, 100 units͞ml penicillin, 100 g͞ml streptomycin, and 2 mM glutamine. One day later, cells were transfected using the lipofectamine procedure (Life Technologies, Gaithersburg, MD) with the empty pcDNA3 expression vector or the same vector containing different cDNAs, together with 1͞10-1͞20 fractions of an indicator plasmid pCMV-␤-galactosidase (␤-gal) to allow the identification of transfected cells. Inclusion of 10-to 20-fold excess of expression vectors as compared with the pCMV-␤-gal reporter plasmid ensured that most of the ␤-gal-expressing cells also expressed the protein(s) under investigation. Cells were incubated with plasmids in a serum-free medium for 4 h, followed by addition of fetal bovine serum to a final concentration of 5% and further incubation for 14 h. After an additional culture in fresh medium for 18 h, cells were fixed by 0.25% glutaraldehyde and stained with 5-bromo-4-chloro-3-indolyl ␤-D-galactoside (0.4 mg͞ml) to detect ␤-gal expression. The number of blue cells was counted by microscopic examination (19) . To verify the nature of cell death, total cellular DNA was extracted for 3Јend labeling of DNA ends at 18 h after transfection with 32 P-ddATP before gel fractionation to identify internucleosomal DNA fragmentation (20) . Statistical differences among treatment groups were analyzed using one-way ANOVA and Scheffe F test.
Northern and Southern Blots and in Situ Analyses. For Northern blot analysis of Bok expression, tissues were collected from 27-day-old Sprague-Dawley rats (Simonsen Laboratories, Gilroy, CA). For Bok expression in ovarian cells, ovaries were obtained from 26-day-old rats implanted for two days with a diethylstilbestrol capsule to stimulate development of multiple early antral follicles (21) . Granulosa cells were prepared by needle puncture. For the extraction of total RNA, tissues were homogenized in Tri-Reagent solution (Molecular Research Center, Cincinnati) and at least two pools from each treatment group were used. In addition, poly(A) ϩ RNA was isolated using the Oligotex oligo-dT resin (Qiagen, Chatsworth, CA). Aliquots of each sample were denatured and fractionated in 1% agarose gels containing formaldehyde before Northern blot analysis. Membranes were prehybridized for 4 h at 65°C in a solution containing 50% formamide, 5ϫ sodium phosphate buffer, 5ϫ Denhardt's solution, 0.5% SDS, and 500 g͞ml yeast tRNA. This was followed by overnight hybridization in the same conditions but with 1 ϫ 10 6 cpm͞ml of 32 P-labeled Bok or glyceraldehyde-3-phosphate dehydrogenase cRNA probe. After hybridization, the membranes were washed twice in 2ϫ standard saline citrate (SSC, 1ϫ SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7) and 1% SDS at room temperature, followed by two washes in 0.1ϫ SSC and 1% SDS at 65°C before exposure to Kodak RX films. For studies on the conservation of the Bok gene, the Zoo blot (CLONTECH) containing genomic DNA from different vertebrates was hybridized with a 32 P-labeled rat Bok cDNA probe under stringent conditions.
For in situ hybridization analysis of Bok mRNA expression, ovaries from 26-day-old rats pretreated with 10 units equine chorionic gonadotropin 2 days earlier were isolated and fixed at 4°C for 4 h in 4% paraformaldehyde in PBS (pH 7.4), followed by overnight dehydration in 0.5 M sucrose. Tissue blocks were embedded in Tissue-Tek solution (Sakura Finetek USA, Torrence, CA) and snapped frozen in liquid nitrogen. Cryosections (12 m thick) were mounted on charged microscopic slides (Fisher Scientific), postfixed in 4% paraformaldehyde and stored at Ϫ70°C for up to 1 month. Hybridization and washes of cryosections were as described (22) . After 2 weeks of exposure under NTB2 emulsion (Kodak), the slides were developed, counterstained, and mounted with Permount (Fisher Scientific) for photography using a Nikon Optiphot microscope.
RESULTS
Using the anti-apoptotic protein Mcl-1 as bait, we screened an ovarian fusion cDNA library and isolated three Bok clones. Subsequent DNA sequencing and identification of homologous murine-expressed sequence tags allowed isolation of full-length Bok cDNAs following PCR of ovarian and brain cDNA libraries. The ORF of Bok encoded a protein of 213 amino acids showing no identity with any known gene. The novel protein has a predicted molecular mass of 23.5 kDa and a pI of 9.1. The methionine initiation codon conformed to the consensus Kozak sequence and hydrophobicity analysis predicted the presence of a C-terminal transmembrane domain. In addition, two potential phosphorylation sites were found near the N-terminal region. Comparison of DNA sequences among different Bcl-2 proteins indicated that Bok was a novel member of this family showing conserved BH1, -2, and -3 domains (Fig.  1A) . However, the BH4 domain, known to be important for the anti-apoptotic function of mammalian Bcl-2 proteins, was missing in Bok. Closer comparison indicated the core BH1 domain of Bok (TWGK) was less conserved as compared with other Bcl-2 proteins (NWGR). For the BH3 domain found in pro-apoptotic members (Fig. 1B) , the core sequence (GDE) was conserved in Bok but the flanking sequences were different. Furthermore, analysis of the phylogenetic relatedness of the different Bcl-2 members suggests that during evolution Bok diverged early from other Bcl-2 proteins (Fig. 1C) .
Using the yeast two-hybrid system, we investigated interactions between Bok and different anti-and pro-apoptotic Bcl-2 proteins. As shown in Fig. 2A , Bok interacted strongly with anti-apoptotic proteins Mcl-1 and BHRF1, minimally with Bfl-1 and negligibly with Bcl-2, Bcl-xL, and Bcl-w. We further tested interactions between Bok and several pro-apoptotic Bcl-2 proteins (Fig. 2 A) . Of interest, Bok did not interact with any pro-apoptotic members tested. To demonstrate that the lack of interactions between Bok and pro-apoptotic Bcl-2 proteins was not due to the killing of yeast cells by these apoptosis agonists, we also tested the growth of yeast cells cotransformed with Bcl-xL and different pro-apoptotic proteins (Fig. 2 A) . Although Bcl-xL showed negligible interaction with Bok, it interacted strongly with all the pro-apoptotic members tested.
To further study the restricted dimerization property of Bok with selective anti-apoptotic proteins, we tested the growth of yeast cells that were cotransformed with different pairs of proand anti-apoptotic Bcl-2 proteins. Several pro-apoptotic proteins (Bak, Bik, and Bax), unlike Bok, all interacted strongly with diverse anti-apoptotic proteins tested (Fig. 2B) , suggesting the restricted heterodimerization property of Bok was unique.
The ability of Bok to regulate apoptosis in mammalian cells was investigated. In CHO cells, transfection with expression vectors encoding Bok for 36 h induced cell death (Fig. 3A) . The proapoptotic effect of Bok was specific because transfection of the empty plasmid or the same plasmid containing Bok cDNA in reverse orientation did not affect cell survival. Furthermore, coexpression of P35, a cysteine protease inhibitor derived from the baculovirus (23), prevented Bok-induced cell killing as indicated by increases in the number of viable cells (Fig. 3A) . The 3Јend labeling of genomic DNA fragments at an earlier time point DNA fragmentation following Bok overexpression, confirming the induction of apoptosis (Fig. 3B) . The observed DNA fragmentation was blocked by coexpression with P35. Quantitative analysis also indicated that Bok overexpression decreased viable cell number by 75% whereas coexpression of P35 completely reversed Bok killing (Fig. 3C) , substantiating the involvement of caspases in Bok action.
We further tested if the restricted heterodimerization of Bok with selective anti-apoptotic Bcl-2 members found in the yeast two-hybrid system could be substantiated in mammalian cells. Bok was coexpressed with Mcl-1, BHRF1, or Bcl-2 in CHO cells. As shown in Fig. 4 , Bok-induced apoptosis was attenuated following coexpression with Mcl-1 or BHRF1; but coexpression with Bcl-2 was ineffective in blocking Bok action. Transfection of the same Bcl-2 expression vector was, however, capable of blocking apoptosis induced by staurosporin (data not shown).
The expression of Bok mRNA in diverse rat tissues was examined. As shown in Fig. 5A , high levels of Bok transcript of Ϸ1.5 kb were abundant in the ovary, testis, and uterus but negligible in other tissues examined. Further analysis of Bok mRNA in isolated granulosa cells demonstrate high levels of expression in these cells that undergo apoptosis during follicle degeneration. In situ hybridization analyses further confirmed high levels of the Bok transcript in the granulosa cells of antral and preantral follicles, with minimal signals in theca and interstitial cells (Fig. 5B) .
Conservation of the Bok gene in diverse vertebrates was tested using Southern blot hybridization of genomic DNA from different species. Under high stringency washing conditions, the rat cDNA hybridized strongly with rat and human genomic DNA, weakly with monkey DNA and negligibly with DNA from other species (Fig. 6 ).
DISCUSSION
We have identified a new pro-apoptotic Bcl-2-related protein Bok, based on its binding to an ovarian anti-apoptosis protein Mcl-1. In addition to its restricted expression in several reproductive tissues, Bok also shows a selective heterodimerization property by interacting with some (Mcl-1, BHRF1, and Bfl-1) but not other (Bcl-2, Bcl-xL, and Bcl-w) anti-apoptotic proteins. Coupled with findings showing that Bok-induced apoptosis could only be antagonized by selective anti-apoptotic proteins, the present data suggest that different pro-and anti-apoptotic Bcl-2 protein pairs may play tissue-specific roles in the regulation of apoptosis. Because of the restricted expression of Bok to ovarian granulosa cells and several reproductive tissues characterized by hormonally regulated cyclic cell turnover, further analyses of Bok action in the gonads and uterus could provide unique models to study the hormonal regulation of apoptosis. Because most of the Bcl-2-related proteins have been identified in the lymphoid system, the present yeast two-hybrid screen provides an experimental paradigm to isolate novel Bcl-2 homologs essential for apoptosis regulation in other tissues.
Although the mechanism by which the Bcl-2 proteins participates in the ''decision'' step of apoptosis is not clear, the ratio of anti-and pro-apoptotic Bcl-2 members and their hetero-and homodimerization are believed to determine whether a cell will respond to an apoptotic signal (11) (12) (13) . Among the Bcl-2 family of proteins, several homology domains have been found to be essential for their function. Bok contains conserved BH1, -2, and -3 domains but lacks the BH4 domain found in most anti-apoptotic members. In addition, the conserved NH1 region important for the survival function of several anti-apoptotic Bcl-2 proteins (24, 25) is also absent in Bok. Consistent with its structural features, overexpression of Bok in CHO cells induces apoptosis based on observed cell morphology and internucleosomal DNA fragmentation. Bok-induced cell killing, like that induced by Bax and BAD (26, 27) , is mediated by caspases as demonstrated by the suppressive actions of the baculoviral P35 protein.
Among the pro-apoptotic Bcl-2 proteins, Bok is most similar to Bax and Bak in having the BH1, -2, and -3 domains plus the C-terminal transmembrane sequence. Studies on Bax and Bak with truncation in different BH domains suggested that these pro-apoptotic proteins might exert their effects by heterodimerizing with Bcl-2 or Bcl-xL (12, 28) . The remaining pro-apoptotic members (Bik, Hrk, and BID) do not have BH1 and BH2 domains but retain the BH3 domain (29) (30) (31) (32) . Among them, the soluble BID has been proposed to serve as a death ligand for the membrane-bound receptor Bax through interactions between its amphipathic helical BH3 domain and the BH1 domain of Bax (31) .
Competitive dimerization between selective pairs of antiand pro-apoptotic Bcl-2 proteins is believed to be involved in the ''decision'' step of apoptosis (3, 13, 28) . Furthermore, interactions among the Bcl-2 family of proteins appear to exhibit a defined selectivity and hierarchy (30, 32, (33) (34) (35) (36) . For example, the anti-apoptotic E1B protein shows preferential binding to pro-apoptotic Bcl-2 proteins, whereas the pro-apoptotic Hrk binds only to the anti-apoptotic family member. Thus, the pro-apoptotic protein Bok may regulate apoptosis through similar mechanisms by forming heterodimers with selective anti-apoptotic proteins.
Analysis of the relatedness of amino acid sequences of different Bcl-2 proteins indicated that Bok is not closely related to any particular Bcl-2 member and probably diverged early during evolution. The less conserved BH1 domain of Bok may determine its unique heterodimerization property. Northern blot analysis, poly(A) ϩ -selected RNA from different tissues of rats at 27 days of age or from isolated granulosa cells of estrogentreated rats was hybridized with a 32 P-labeled Bok cRNA probe. After washing, the blots were exposed to x-ray films at Ϫ70°C for five days. Subsequent hybridization with a glyceraldehyde-3-phosphate dehydrogenase cRNA probe was performed to estimate nucleic acid loading (data not shown). Based on the suppression of Bok-induced apoptosis by BHRF1, it is possible that reproductive tissues expressing Bok are potential targets for this anti-apoptotic protein encoded by the Epstein-Barr virus (37) . Recent studies have suggested that anti-apoptotic proteins may bind to ced-4͞Apaf-1 homologs, which, in turn, activate downstream caspases (7, 8, 38, 39) . Elucidation of the heterodimerization partner(s) for Bok in gonads and uterus would allow characterization of the putative ced-4 homologs in these tissues. Recent crystallographic analyses of complexes formed between the anti-apoptotic protein Bcl-xL and the BH3 domain of the pro-apoptotic Bak indicated that the ␣-helix in the BH3 domain of different Bcl-2 proteins plays a central role in defining the binding specificity to Bcl-xL (40) . Because Bok does not interact with Bcl-xL in the yeast two-hybrid system, further studies on the BH3 region of Bok and related proteins could define the specificity of heterodimerization among different pro-and antiapoptotic protein pairs and their role in apoptosis regulation.
Although overexpression of Bax and Bak induces yeast cell death (26, 41) , the present Bok fusion protein did not affect yeast cell survival. In addition, lack of interactions between Bok and different pro-apoptotic Bcl-2 proteins in the twohybrid assay are not due to detrimental effects of these death agonists on yeast cells because cotransformation of these apoptosis agonists with Bcl-xL led to activation of the reporter genes. It is likely that moderate expression of these death agonists using the present expression vector may not significantly affect yeast cell survival, thus allowing studies on interactions between different Bcl-2 proteins.
The majority of ovarian follicles and Ϸ50% of testicular germ cells undergo apoptosis under normal physiological conditions (15) , whereas the menstruation involves monthly apoptosis of uterine endometrial cells (42) . The restricted expression of Bok in the gonads and uterus suggests its potential role in the regulation of apoptosis in these tissues. It is likely that selective pairs of Bcl-2 agonists͞antagonists may play tissue-specific roles in the regulation of apoptosis. Indeed, mutant mice deficient in Bcl-2 or Bax showed abnormality in apoptosis regulation only in distinct cell lineage (43) (44) (45) . Although Bax-deficient mice showed an accumulation of granulosa cells in atretic follicles, these cells were still apoptotic (43) , suggesting the involvement of additional pro-apoptotic factors during ovarian follicle atresia. Because the pro-apoptotic protein Bax has been suggested to function as a tumor suppressor gene in colon adenocarcinomas (46) (47) (48) and because inactivation of Bax in transgenic mice leads to enhanced tumorigenesis (47) , it would also be interesting to investigate changes in Bok function during gonadal and uterine tumorigenesis. Because cyclic variations in reproductive hormones are essential in the regulation of apoptosis in gonadal and uterine tissues, future investigations on the hormonal regulation of Bok and its dimerization partner(s) in these reproductive tissues would allow the design of novel strategies to modulate reproductive functions. These studies could also provide understanding of the role of Bok in gonadal and uterine diseases associated with aberrant regulation of apoptosis.
